We present a comprehensive optical study of thin films of tungsten disulfide (WS2) with layer thicknesses ranging from mono-to octalayer and in the bulk limit. It is shown that the optical bandgap absorption of monolayer WS2 is governed by competing resonances arising from one neutral and two distinct negatively charged excitons whose contributions to the overall absorption of light vary as a function of temperature and carrier concentration. The photoluminescence response of monolayer WS2 is found to be largely dominated by disorder/impurity-and/or phonon-assisted recombination processes. The indirect band-gap luminescence in multilayer WS2 turns out to be a phonon-mediated process whose energy evolution with the number of layers surprisingly follows a simple model of a two-dimensional confinement. The energy position of the direct band-gap response (A and B resonances) is only weakly dependent on the layer thickness, which underlines an approximate compensation of the effect of the reduction of the exciton binding energy by the shrinkage of the apparent band gap. The A-exciton absorption-type spectra in multilayer WS2 display a non-trivial fine structure which results from the specific hybridization of the electronic states in the vicinity of the K-point of the Brillouin zone. The effects of temperature on the absorption-like and photoluminescence spectra of various WS2 layers are also quantified.
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I. INTRODUCTION
Semiconducting transition metal dichalcogenides (STMDs) such as MoS 2 , MoSe 2 , WS 2 , WSe 2 , and MoTe 2 have recently attracted a considerable attention due to their unique electronic structures and resultant optical properties.
1,2
When thinned down to the monolayer, S-TMDs transform from indirect-to direct-band gap, optically-bright semiconductors [3] [4] [5] and exhibit a number of appealing optical phenomena related, in particular, to valley-selective circular dichroism, [6] [7] [8] [9] [10] and non-trivial effects of Coulomb interaction in the two-dimensional geometry. [11] [12] [13] [14] [15] [16] [17] [18] [19] Atomically thin S-TMDs may find their practical application in optoelectronics (light emitting and photo-diodes, [20] [21] [22] [23] [24] [25] concepts of valleytronic [26] [27] [28] [29] [30] and flexible devices 13, [31] [32] [33] ) what together with the scientific curiosity to exploring the properties of new systems stimulates the pertinent efforts to understand the fundamental properties of these systems. Whereas many works have, so far, been focused on S-TMD monolayers, less attention has been paid on systematic investigations of the optical response of STMDs as a function of number of layers. 34, 35 In this paper, we present a thorough study of the optical properties of thin films of WS 2 with thicknesses ranging from monolayer (1 ML) to octalayer (8 MLs) and of a 32 nm thick bulk-like flake, carried out in a wide temperature range (5-300 K) using microphotoluminescence (µ-PL), micro-photoluminescence excitation (µ-PLE) and micro-reflectance contrast (µ-RC) * maciej.molas@gmail.com † karol.nogajewski@lncmi.cnrs.fr ‡ marek.potemski@lncmi.cnrs.fr spectroscopy techniques. Research of this type, which plays an important role for elaborating the electronic band structure as well as for identifying the apparent excitonic resonances, has not yet been done in such a broad scope in the case of WS 2 . Apart of the Introduction and Conclusions parts, our paper is composed of three (II-IV) main sections completed by the Methods' paragraph and the ESI. First, in Section II, we focus on the characterization of the optical response of the monolayer WS 2 and discuss the nature of various excitonic resonances (due to neutral, charged, and localized electron-hole complexes) which determine the absorption-like and photoluminescence spectra of this system. The evolution of the PL spectra as a function of number of monolayers, N , is presented in Section III and serves us to demonstrate the phonon assisted character of indirect recombination processes in multilayer WS 2 and to reproduce the Ndependence of the energy of the PL band within a simple model of carriers confined in a rectangular potential well. Section IV is dedicated to the analysis of the RC spectra of multilayer WS 2 , whose clear, multiple-resonance character at the direct bandgap edge is identified as due to a specific hybridization scheme of electronic states at the K points of the Brillouin zone of 2H-stacked S-TMD layers. The samples used for investigations and our experimental techniques are described in the Methods' section. Additional results are presented in the ESI, which include the theoretical approach to account for the hybridization of electronic states in multilayer WS 2 and the analysis of the effect of temperature on the energy positions of excitonic resonances in the investigated samples.
Helpful for the presentation of our results is to highlight the essential facts about the near-band gap electronic structure of WS 2 mono-and multilayers. σ − polarizations, respectively. ∆c and ∆v denote the corresponding spin-orbit splitting in the conduction and valence bands. The grey arrows indicate the directions of movement of the band edges at the Λ and Γ points of the Brillouin zone, which in multilayer WS2 progressively shift downwards and upwards, respectively, as the number of layers, N , is increased.
the fundamental band gap of a WS 2 monolayer is shown in Fig. 1 . Alike for the case of any S-TMD, a monolayer WS 2 is a direct band-gap semiconductor with the minima (maxima) of the conduction (valence) band located at the K + and K − points of the Brillouin zone (BZ). A strong spin-orbit coupling, inherited from heavy metal atoms, leads to spin-split and spin-polarized subbands in both the valence band (VB) and the conduction band (CB). The amplitude of the spin-orbit splitting at the top of the valence band (electronic states predominantly built of d ±2 orbitals of the metal atoms) is large as it reaches ∼ 400 meV. 5, [17] [18] [19] [36] [37] [38] The spin-orbit splitting for the bottom conduction band states (mostly built of d 0 orbitals of the metal atoms) is considered to be significantly smaller and as such it was largely neglected in the initial works on S-TMD monolayers. More recently, however, its magnitude has been estimated to amount to ∼30 meV in monolayer WS 2 , 39,40 based on the band structure calculations including contributions of the opposite sign coming from second order effects for d 0 metal orbitals and an additional input from the admixed porbitals of the chalcogen atoms. Importantly, the expected alignment of the CB spin-orbit-split subbands in monolayer WS 2 is such that the transition between the uppermost VB subband and the lowest CB subband is optically inactive. Associated with this transition, the lowest energy component of the A-exciton is therefore optically dark whereas the optically active component of the A-exciton is linked to the upper CB subband and appears at a higher energy. A similar alignment of the spin-orbit-split subbands is expected for monolayer WSe 2 (and likely MoS 2 ).
41 It contrasts with MoSe 2 and MoTe 2 monolayers which exhibit the lowest energy component of the A-exciton that is optically bright.
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While monolayers of S-TMDs have been investigated to date in many works, the few-layer S-TMDs have attracted so far less attention and their properties, including those of WS 2 multilayers, are not well known. What is generally accepted is that all N -ML S-TMDs are indirect semiconductors for N > 1 (perhaps with the exception of still direct band-gap bilayer MoTe 2 42-44 ). This is understood in terms of a significant evolution of the band edges at the Λ 45, 46 and Γ points of the BZ: a downward shift of the local CB minimum at the Λ point and an upward shift of the local VB maximum at the Γ point, see Fig. 1 . Although the indirect band gap in S-TMD multilayers is likely between the Λ-point minimum of the CB and the Γ-point maximum of the VB, a more detailed description of the electronic bands (and the optical response) in these structures is definitely less obvious.
II. NEAR BAND-EDGE EXCITONIC RESONANCES IN MONOLAYER WS2
In this section we focus on fundamental optical transitions in monolayer WS 2 , i.e., on those transitions which appear in the vicinity of the optical band gap (A-exciton resonance). Figure 2 illustrates the optical-band-gap response of our WS 2 monolayers as investigated with µ-PL, µ-PLE and µ-RC measurements. The RC and PLE spectra show up to three absorption-type resonances, denoted in Fig. 2 the RC spectra in the form of dips, whose energy positions coincide with the central energies of peaks observed in the PLE spectra. The X A , T 1 , and T 2 transitions are also visible in the emission spectra though the corresponding PL peaks are slightly (∼5 meV) redshifted with respect to their absorption counterparts (Stokes shift).
Whereas it is quite common that the optical-band-gap absorption of S-TMD monolayers displays two resonances due to neutral and charged excitons, the appearance of three absorption resonances in our WS 2 monolayers is somehow striking. The assignment of the X A resonance as arising from the neutral A-exciton is straightforward and stays in accordance with many other works on WS 2 monolayers. 17, 47, 48 The origin of T 1 and T 2 features is less clear. A possibility that T 1 is due to charged exciton 17, 47, 48 while T 2 is due to an impurity bound exciton has been recently put forward. 49 To gain more insight into the character of T 1 and T 2 transitions we present in Fig. 3 the results of RC measurements performed on a back-gated WS 2 monolayer structure. The application of a positive gate voltage (V ) in this device leads to an effective increase of the electron concentration (n) in the WS 2 monolayer. The absorption resonances observed in our gated device are somewhat broader than those measured on ungated monolayer flakes (see Fig. 2 ) but the characteristic three, X A , T 1 , and T 2 features can well be recognized. In the regime of relatively low electron concentration (negative gate voltage) the RC spectra show mostly the strong X A and somewhat weaker T 1 resonance. With the increase of n (the increase of positive V ) the X A resonance progressively weakens and eventually disappears from the spectra measured at highest electron concentrations (60 V). The T 1 resonance is rather weakly affected by the gate voltage. Initially, it slightly gains in intensity and remains apparent in the spectra for any V , although in a somewhat broadened form in the limit of high electron densities. In contrast, the T 2 resonance becomes clearly stronger with V and finally dominates the RC spectra measured in the limit of high electron concentration. The data presented in Fig. 3 are hardly conceivable with the assignment of the feature T 2 as due to the bound exciton resonance. 49 The observed transfer of the oscillator strength as a function of electron density, progressively from the neutral exciton X A to the T 1 and eventually to the T 2 resonance indicates that both T 1 and T 2 features can be associated with negatively charged excitons (X − ), though implying different configurations of these three-particle complexes. As schematically shown in Fig. 4 , four pairs of doubly degenerate configurations for the bright X − complex are possible in a WS 2 monolayer. The formation of X − states in the configurations shown in the upper panels ((a) and (b)) of Fig. 4 is possible already at low electron densities (access electrons occupy the bottom CB subband).
On the other hand, the X − states in the configurations shown in Fig. 4(c) and (d) are favoured at higher densities, i.e., when access electrons occupy also the upper CB subband. We speculate that the T 1 resonance is associated with the X − states which involve the access electron in the bottom CB subband (Fig. 4(c) and (d)) whereas the T 2 resonance corresponds to the X − states involving the access electron from the upper CB subband (configurations illustrated in bottom panels of Fig. 4) . Each T 1 and T 2 resonance comprises a pair of singlet (left panels of Fig. 4 ) and triplet (right panels of Fig. 4 ) states which can be further split in energy 50 but not resolved within the linewidth of T 1 and T 2 features in the RC spectra measured. It should be noted that our interpretation of T 1 and T 2 resonances implies a significantly bigger binding energy for the charged exciton which involves a pair of electrons from the same subband in the CB as compared to that involving a pair of electrons from different CB subbands. This conclusion awaits the confirmation in future theoretical study.
In addition to carrier concentration, temperature is another parameter known to affect the relative absorption strength of neutral and charged excitons. Upon increase of temperature, neutral excitons often gain in intensity. This happens at the expense of an effective quenching of charge exciton resonances due to weakening of their oscillator strength when they are associated with electrons occupying states of higher k-vectors. 51 The RC spectra measured as a function of temperature are presented in Fig. 5 . They were obtained for the WS 2 monolayer whose low-temperature spectrum has already been shown in Fig. 2 . For this monolayer, all three X A , T 1 , and T 2 resonances are present in the RC spectrum measured at low temperature, though the T 2 feature is rather weakly pronounced. We expect the electron concentration in this sample to be relatively low but enough to set the Fermi energy slightly above the edge of the upper CB subband. Under such conditions, an increase of temperature may largely affect the k-space distribution of electrons in the upper CB subband, but should not significantly influence the distribution of electrons in the bottom CB subband. This reasoning is in qualitative agreement with the observed rapid temperature quenching of the T 2 resonance accompanied by a survival of the T 1 resonance even up to room temperature. A detailed analysis of the RC spectra shown in Fig. 5 , performed within the framework of transfer matrix method combined with the Lorentz oscillator model to determine the temperature evolution of the energy positions and linewidths of all three resonances (X A , T 1 , and T 2 ) is presented in the ESI.
Having discussed the absorption-type optical response of monolayer WS 2 let us now focus on the PL spectra ( Figs 6 and 7) . One immediately notices their rather complex character which is particularly pronounced when these spectra are measured at low temperatures and display a number of eye-catching peaks/bands on the low . This behaviour is quite typical for semiconductors whose low-temperature PL spectra are often dominated by below-exciton emission bands associated with recombination processes assisted by disorder, defects/impurities and phonons. Such recombination channels (e.g., due to bound/localized excitons, donoracceptor recombination, phonon-assisted recombination) can be particularly pronounced in monolayer WS 2 in which the exciton ground state is optically dark. 40, 41 Similar, multiple-peak low-temperature PL spectra are seen in monolayer WSe 2 , 34 also characterized by the ground exciton state being dark. In contrast, monolayer MoSe 2 , with the bright exciton ground state, shows often much simpler PL spectra 35 that even at low temperatures are dominated by peaks due to neutral and charged excitons.
To discuss the origin of pronounced L 1 , . . . , L 4 and DAP features observed in the low-temperature PL spectra of our monolayer WS 2 we focus on evolution of these spectra with the excitation power (see Fig. 6 ). The broad emission band, denoted as DAP in Fig. 6 , is well pronounced in the limit of low excitation powers but clearly saturates when the laser power is increased. This observation is characteristic of the recombination spectrum of (dense) donor-acceptor pairs (DAP), which indeed frequently dominates the low-temperature weakly-excited photoluminescence in compensated semiconductors. 
FIG. 6. Power dependence of low-temperature photoluminescence (PL) spectra measured on monolayer WS2 with 2.41 eV laser light excitation. The intensities of the PL spectra are normalized by the excitation power. Under such normalization the intensity of every feature varying linearly with the excitation power should remain constant for all the spectra shown.
The L 1 , . . . , L 4 peaks, visible in emission but not in the RC (absorption-type) spectra, are commonly reported in the studies of WSe 2 34 and WS 2 56,57 monolayers and loosely assigned to the recombination of "localized" excitons. With such an assignment, our observation of prominent superlinear dependence of the intensity of the L 1 and L 2 emission peaks on the excitation power might be striking at the first sight. This superlinear effect may be indicative of the biexciton recombination, 56-58 though we hardly accept a possibility of the biexciton formation in our, after all not defect-free and electron-doped system. Moreover, time-resolved studies of analogous WS 2 monolayers show rather slow decay of the L 1 and L 2 luminescence 59 in contrast to what would be expected for the biexciton recombination. The superlinear dependence of the PL intensity on the excitation power may also be expected for the emission lines associated with recombination of impurity bound excitons. [60] [61] [62] A possible scenario, adequate for our n-type samples, is that the L 1 and L 2 peaks correspond to the recombination processes of excitons bound to neutral acceptors (A 0 X). The appearance of A 0 X recombination is possible in n-type compensated semiconductors since the initially ionized acceptors (A − ) can trap the photoexcited holes thus becoming neutral (A 0 ) and capable to bind an additional electronhole pair (A 0 X). The A 0 X recombination appears to be a nonlinear process in compensated n-type semiconductors what can account for the superlinear rise of the L 1 and L 2 intensities with the excitation power. The dynamics of optical recombination might be quite complex in our samples and other nonlinear processes could be invoked 
Temperature evolution of photoluminescence spectra measured on monolayer WS2 with 2.41 eV laser light excitation. The spectra are vertically shifted for clarity and some of them are multiplied by scaling factors in order to avoid their intersections with the neighbouring experimental curves or to make them better visible. The inset presents the integrated intensity of the whole PL spectrum as a function of temperature.
as well, e.g., the D + X recombination of excitons bound to ionized donors (D + ) which can be activated after the DAP recombination processes. Instead, the D 0 X and A − X emission, naturally expected in our n-type samples, could account for the PL peaks (L 3 , L 4 ) whose intensities scale more linearly with the excitation power. Finally, it is also logical to think that the below-exciton emission in monolayer WS 2 includes the recombination processes of dark excitons, and in particular the phonon-assisted PL transitions of intervalley excitons. Such transitions are expected to display large Zeeman-type effects and the magneto-PL studies of monolayer WS 2 could help with their identification.
The PL spectra measured at moderate excitation power as a function of temperature are shown in Fig. 7 . With increasing temperature, the consecutive low energy L 4 , . . . , L 1 peaks progressively disappear one after another from the spectrum. Three emission peaks (X A , T 2 , and T 1 ) are visible at intermediate temperatures, whereas only the neutral (X A ) and, notably, the charged exciton T 1 contribute to the PL spectrum at room temperature. X A as well as T 1 and T 2 resonances, even though not related to the ground exciton states in mono-layer WS 2 , are still seen in the PL spectra at low temperatures. These resonances are characterized by huge oscillator strengths and/or extremely short radiative lifetimes in contrast to "localized" excitons whose PL decays much slower. 59 Thus, even if only weakly populated, the X A , T 1 , and T 2 peaks are observed in low-temperature PL and rapidly overcome the L 1 , . . . , L 4 emission when their population is increased at higher temperatures. As in the case of RC resonances, the effective thermal spreading of electrons in the upper CB subband accounts for the observed weakening of the T 2 emission at highest temperatures. Worth noting is also the proposed unusual scheme for thermal ionization of bound versus charged excitons, 63 7 which, in accordance with our observations, implies a faster temperature quenching of bound excitons than of the charged excitons.
Temperature dependence of the integrated PL intensity, shown as an inset of Fig. 7 , is overall governed by the interplay between different recombination channels including the non-radiative ones. The latter processes usually dominate at high temperatures what results in PL quenching of about one order of magnitude when the temperature is changed from 5 to 300 K. Nevertheless, a clear, initial rise of the PL intensity in the range of 5-100 K should be noticed as well. This, in reference to a similar observation for monolayer WSe 2 , 34,64,65 fingerprints the semiconductor with the lowest energy exciton being optically dark and thus displaying an effective thermal activation of the emission rising from higher energy bright excitons. The effect of temperature on the energy position (red shifts) of the PL peaks, well identifiable for the X A and T 1 excitons, is similar to what is observed in the RC spectra (see the ESI for details).
III. INDIRECT BAND-GAP LUMINESCENCE IN WS2 MULTILAYERS
The PL spectra of moderately large-area WS 2 flakes composed of 1 ML up to 8 MLs are presented in Fig. 8 (no measurable PL signal could be extracted from our bulklike flake of 32 nm thickness). As expected, the 1 MLthick flake emits light much more efficiently as compared to thicker flakes: the emission intensity drops down by 4 orders of magnitude when the flake thickness is increased from 1 ML to 8 MLs. This is a characteristic feature of the whole family of S-TMDs, a very first fingerprint of the change of the band edge alignment from a direct bandgap monolayer to indirect band-gap multilayers.
3,4,46
As discussed above the intense PL band of monolayer WS 2 , related to the direct optical transitions at the K ± points of the BZ spans the energy range between 1.95 eV and 2.1 eV. The traces of direct band-gap emission are still apparent in the spectra of bi-and tri-layer WS 2 , but the most pronounced PL band in all our multilayers appears at significantly lower energies. This latter emission band, logically assigned to indirect recombination process, progressively shifts with N towards lower energies. As shown in Fig. 8 , the indirect PL signal is composed of two well defined peaks we will refer to as I 1 (the higherenergy one) and I 2 (the lower-energy one) and an additional broader band, I 3 , which is quite pronounced in the spectrum of 2-ML-thick flake but progressively weakens with N . The I 1 and I 2 features are assigned to the Λ-Γ electron-hole recombination processes (Λ-Γ indirect excitons) whereas we are less confident about the origin of the I 3 emission band. This is more discussed below in the context of the results of the PL measurements performed as a function of temperature. The characteristic pattern of I 1 and I 2 emission peaks, separated in energy by 30 meV (see Fig. 9 ), is remarkably well reproduced in all our multilayers. This makes us tempting to assume that these peaks are rather due to phonon-assisted and not disorder-activated, Λ-Γ recombination processes.
Apart from the case of low energy interlayer modes, the spectrum of phonons is practically the same for all mul- tilayers whereas the effects of disorder are expected to be different in different samples. We suppose that the I 1 and I 2 recombination processes involve two different phonons characterized by energies that differ by 30 meV and the same k-vector corresponding to the Λ point of the BZ (to match the wave vector difference of the recombining Λ-electrons and Γ holes). Pairs of such phonons composed of one coming from the acoustic branch and the second one from the optical branch, can be indeed found in the calculated phonon dispersion relations of WS 2 layers.
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Our rather qualitative reasoning is, however, not sufficient to decide which particular acoustic (TA or LA) and optical (of E-or A-symmetry) phonons are involved in the I 1 and I 2 recombination processes. The problem remains to be solved with the help of possible, future theoretical works. Particularly interesting is the way the energies of the Λ-Γ emission peaks change with N in our N -ML structures (see Fig. 9 ). The indirect Λ-Γ emission peaks shift towards lower energies, from about 1.76 eV for 2 MLs to ∼1.4 eV for 8 MLs. The exact form of this dependence is ultimately determined by the changes in the band structure and in the exciton binding energy in multilayer WS 2 . A detailed examination of these effects definitely calls for a thorough theoretical study. On the other hand it is quite apparent that the derived experimental points can be well reproduced with a rather simple formula which applies to the energy evolution of the 2D confined electronic states in a rectangular well with infinite barriers. The dashed curve in Fig. 9 follows the formula:
in which we have set E 0 =1.39 eV and α=1.71 eV or, conversely, µ ⊥ = 0.58 m 0 , with m 0 being the free electron mass, when assuming L = N a where a= 0.61615 nm 67 is the thickness of the WS 2 monolayer. Evoking the latter form of the above equation to describe the observed E versus L dependence we are inclined to consider that this dependence is mainly determined by the combined effect of the energy shift of the 2D confined subbands in the conduction and valence bands. µ ⊥ should be then interpreted as a reduced effective mass
where m e (m h ) is the effective mass which defines the parabolic dispersion relation along the c-axis of bulk WS 2 for electrons at the Λ point (holes at Γ point ) of the BZ. E 0 =1.39 eV is the extrapolated energy of the indirect PL transition in the bulk WS 2 , indeed not far away from the reported value of the indirect band gap in bulk WS 2 (Ref. 68) .
The assignment of the I 1 /I 2 emission band to the Λ-Γ indirect recombination processes is confirmed by the characteristic evolution of these peaks upon increasing the temperature. As illustrated in Fig. 10 with the data measured for 2 ML and 3 ML flakes, an increase of temperature results in the shift of the I 1 /I 2 emission band towards higher energies. This is in contrast with a common behaviour characteristic of most of semiconductors and observed also for the direct band gap (X A ) luminescence in our WS 2 flakes. Band edges in semiconductors shift with temperature mostly because of thermal expansion of the crystal, which usually results in the shrinkage of the band gap. A conventional shrinkage of the direct band gap in S-TMD structures that occurs between the Kpoint electronic states, which are well localized within the individual layers, results from the temperature expansion of those layers in lateral directions. Instead, the crystal expansion across the layers leads to a larger separation between the layers. This logically accounts for the blue shift of the indirect band gap which may eventually overcome the direct band gap in the limit of decoupled layers (set of separated monolayers). 5, 45 Another sign of the phonon-mediated indirect recombination is a characteristic higher energy tailing of the I 1 /I 2 band, which clearly develops upon increasing the temperature. At high temperatures, the electrons and holes occupy higher energy states with larger k-vectors, but any electron-hole pair can effectively recombine in the assistance of a phonon with an appropriately matched k-vector. Similar arguments apply to indirect excitons: there is a priori no restriction for the phonon-assisted recombination of indirect excitons with a non-zero center-of-mass K-vector. The population of such excitons increases with temperature thus leading to the effective emission at higher energies.
As mentioned above, the origin of the broad I 3 band is less clear. Its overall energy position indicates that it is associated with an indirect transition but, on the other hand, it displays a red shift with increasing the temperature, similar to the one characteristic of the direct band-gap transitions (X A ) (see Fig. 10 ). The I 3 emission band is effectively quenched with temperature which may indicate its defect-mediated character. Following the previous studies (Ref. 45) , we speculate that the I 3 emission might be due to indirect recombination process but involving the defect states pinned to the CB edge at the K point and/or to the VB states at the Γ point of the BZ. This can very qualitatively account for the red shift of the I 3 band (following that of the CB at the K point 45 ) as well as its energy position below the I 1 and I 2 emission peaks (large binding energies of defects at the K point).
IV. ABSORPTION RESONANCES IN WS2 MULTILAYERS
Low-temperature (T =5 K) RC spectra of our WS 2 flakes measured in a wide spectral range are shown in Fig. 11 . The spectra display a pronounced group of resonances (A-exciton region) in the vicinity of E=2.05 eV, as well as somewhat weaker and broader features at higher energies that arise from the B-exciton resonance (X B ) at the K-point of the BZ and from another resonance (X C ) which is possibly related to a direct optical transition that takes place apart from the K points.
5,18,69
To analyze these spectra in more detail, a transfer matrix method combined with the Lorentz oscillator model have been employed to simulate the RC response of our flakes (see dashed grey curves in Fig. 11 ). Bearing in mind a phenomenological approach, our intention was to simulate the data in a coherent way for all mutlilayers (N = 2 to 8) and, at the same time, to keep the number of adjustable parameters, like the number of resonances in particular, at a minimal level. Importantly, the spectral response in the region of the A-exciton cannot be satisfactorily reproduced with a single resonance in most of our structures, i.e. not only in the previously discussed case of the monolayer but also in N -MLs with N ≥ 3 as well as in the bulk-like sample (see Fig. 11 for a side band appearing on the low-energy slope of the main feature present around 2.05 eV, especially for N ≥ 5). Two resonances, X A and X A" , have to be actually taken into account in order to correctly simulate the group of A excitons in all our N -MLs with N ≥ 3. The only ambiguous case is the bilayer, where the difference between the quality of fits obtained under the assumptions of singleand double-resonance character of the A-exciton group is purely quantitative (refer to Sec. III of the ESI for details). For the bulk-like flake of 32 nm thickness one more resonance denoted by X A* has to be included in the simulations to account for the first excited state of the A exciton that occurs in the spectrum around 2.09 eV.
The energy positions of the absorption resonances established in the course of modelling the RC response of our WS 2 multilayers are presented in Fig. 12 . A prominent red shift, as a function of number of layers, of the energy position of the X C resonance indicates the pronounced changes in the electronic bands associated with this transition. Strikingly, however, the energy positions of the group of A-excitons and of the X B resonance show a rather weak dependence on N . As already known, the exciton binding energy in S-TMD multilayers exhibits a significant variation with the number of layers. It falls in the range of a few hundreds of meVs in the WS 2 monolayer, [17] [18] [19] but amounts to only a few tens of meVs in bulk WS 2 .
17 A weak dependence on N of the energy position of the A and B excitonic resonances implies therefore an approximate compensation of the reduction of the exciton binding energy by the shrinkage of the band gap. Both A-and B-excitons are associated with the K-point band-edge electronic states which are well localized in individual layers. Thus, a change in the dielectric screening, expected as a function of N , might be a dominant factor which leads to the renormalization of both the single-particle band gap and the exciton binding energy. 70 It seems, however, that these parameters are modified in a similar manner, making the actual energy positions of excitonic resonances virtually independent of N .
The multiple-resonance character of the A-exciton feature revealed in most of our N -MLs is an intriguing observation. As extensively discussed in the preceding section, it can be well understood in the case of the monolayer spectra which in addition to features originating from neutral excitons also display other resonances due to charged excitons. The appearance of charged A-or B-excitons can be envisaged in multilayer WS 2 as well, though such three-particle complexes, not identified so far, would necessarily be composed of an exciton (an electron-hole pair) at the K-point of the BZ and a surplus quasi-particle (an electron or a hole) located at the minimum (maximum) of the CB (VB) at the Λ (Γ) point of the BZ of multilayer WS 2 . The bandwidth of A-excitons' response increases with N , what is clearly accounted for by the increase of the separation between the X A and X A" resonances deduced from the simulation of the RC spectra (see Fig. 12 ). This is in contrast with what one would expect for the binding energy of charged excitons, which should be a fraction of the binding energy of the neutral exciton, and thus decrease with N . In consequence, it is rather unlikely that the charged A-excitons contribute to the RC spectra of our WS 2 multilayers.
We rather presume that the multiple-, at least doubleresonance character of the A-exciton band in our 2H-stacked N -MLs is an intrinsic effect which results from hybridization of the K-point electronic states and subsequent formation of multiple-component energy levels/subbands. Such an interpretation is discussed below on a qualitative level. Further details are given in respective sections of the ESI: Sec. II covering the theoretical background and Sec. IV presenting an approach to reproduce the experimental spectra.
In 2H-stacked films of WS 2 the arrangement of atoms in the direction across the layers is such that the metal atoms alternate with the chalcogen atoms in the subsequent layers. The geometry of the 2H stacking is schematically illustrated in Fig. 13(a) for a representative case of the bilayer. This geometry implies a particular arrangement of the atomic orbitals involved in the formation of electronic states in the k-space which leads to the alignment and resultant hybridization of the sequence of
. .) states originating from subsequent monolayers, which form the K + (K − ) band of the multilayer. The symmetry of different, d 0 or d ±2 metal atom orbitals, implies that mixing of K-point electronic states is predominant for the valence band states (d ±2 orbitals) and encompasses the electronic states with the same spin orientation. The outcome of this mixing is a fine, multicomponent structure of each spin-orbit split subband of the VB at the K + /K − points of the multilayer. Instead in the CB of N -ML , each spin-orbit split subband represents a set of N -degenerate (non-interacting) states (with different spins) from individual monolayers. The expected energy structure of K + electronic states for bi-and tetra-layer S-TMDs, together with that characteristic of the monolayer is schematically illustrated in Fig. 13(b) (Apart of the inverted spin assignment, the K − states represent the identical energy diagram). The arrows shown in this figure account for the conceivable interband optical transitions (see ESI) associated with the upper spin-orbit split subband (Aexciton region). Two classes of optically active A-type transitions can be distinguished in our multilayers. One class of transitions comprises the resonances associated with the upper CB subband. These transitions (shown with black arrows in Fig. 13(b) ) display rather strong oscillator strength, comparable to that expected in monolayer, and involve the CB and VB states confined in the same layer (intralayer transitions/excitons). The transitions of the second class (purple arrows in Fig. 13(b) ) are associated with the bottom CB subband and are reminiscent of the spin forbidden transition in the monolayer. They involve the CB and VB states, each one largely confined in different (adjacent) layers (interlayer transitions/excitons) and display of about 10 times weaker oscillator strength than the intralayer transitions. Importantly, the multiplicity of possible A-type transitions as well as their spread in energy grows with the number of layers. This is in accordance with our phenomenological analysis of the RC data which shows the enlarged, with N , bandwidth of the A-exciton response (increased separation between X A and X A* resonances). It should be stressed out that our reasoning to account for the non-trivial structure of the A-resonances in WS 2 multilayers refers only to a single-particle picture (interband transitions) but neglects the otherwise important effects of Coulomb interactions. Those interactions may significantly modify our suggestions regarding the energy diagrams and oscillator of the A-type absorption resonances in WS 2 multilayers. Nonetheless, the approach presented in the ESI to calculate the RC spectra of multilayer WS 2 in the A-exciton region, which follows our simple theoretical model, fairly well reflects the measured spectra of N -ML WS 2 with N =2 to 8.
V. CONCLUSIONS
Concluding, we have presented the systematic studies of the optical response (absorption-like and photoluminescence spectra) of a series of WS 2 structures with different thickness: mono-and 2H-stacked multi-layers (up to 8 layers) as well as a 32 nm-thick, bulk-like sample. The fundamental absorption edge of the WS 2 monolayer has been found to be determined by the neutral exciton and, unusually, by the two distinct charged exciton resonances. The relative strength of these resonances has been investigated as a function of the electron concentration and temperature. A formation of two different charged excitons involving an access electron either from the bottom-or the upper-spin orbit-split subband of the WS 2 conduction band has been proposed. The recombination processes mediated by impurities (donor-acceptor and bound exciton recombination), with their competing efficiencies, have been proposed to account for the observed nonlinearities, as a function of the excitation power, of the PL spectra of monolayer WS 2 measured at low temperatures, as well as for the characteristic evolution of the PL with temperature. The predominant, well-defined in-shape photoluminescence signal in WS 2 multilayers has been identified as due to phononmediated indirect recombination processes. The energy position of the indirect emission, when traced as a function of number of layers, has been found to follow a simple model of the confinement of electronic states in a rectangular quantum well with infinite barriers. The investigations of the absorption-like spectra in WS 2 multilayer demonstrate weak dependence of the energies of the fundamental A-and B-resonances upon N . This indicates an approximate compensation of the reduction of the exciton binding energy by the shrinkage of the bandgap and is likely a consequence of the dielectric screening effects in two-dimensional geometry. The fundamental direct bandgap absorption (A-exciton region) has been found to display a non-trivial, multiple resonance character. On the phenomenological level, the measured reflectance spectra of can be well reproduces assuming a double resonance structure of the A-exciton in any multilayer. Nonetheless, the discussed framework of the hybridization of the electronic states at the K-points of the Brillouin zone of the WS 2 multilayer indicate a more complex scheme of the A-exciton resonance in these systems. Extra information about the temperature activated shifts of the emission and absorption bands in our WS 2 structures are provided in the ESI.
METHODS
Monolayer and few-layer flakes of WS 2 were obtained on a degenerately doped Si/(320 nm) SiO 2 substrate by polydimethylsiloxane-based exfoliation 71 of bulk WS 2 crystals (2H phase) purchased from HQ Graphene. The flakes of interest were first identified by visual inspection under an optical microscope and then subjected to atomic force microscopy and Raman spectroscopy characterization in order to unambiguously determine their thicknesses. The back-gated WS 2 monolayer structure was fabricated by means of laser lithography performed on one of exfoliated flakes spin-coated with positive-tone photoresist. After exposure and development of the photoresist, the electrical contacts to the flake were defined by electron-beam evaporation of Ti/Au stacks, followed by a standard lift-off process, and annealing of the final device at 180
• C for 2 hours on a hot plate kept in air. During the measurements the WS 2 monolayer was grounded and the positive or negative electrical potential was applied to the silicon substrate via its freshly cleaved edge contacted by a drop of silver paint. The µ-PL measurements were carried out using 514.5 nm radiation from a continuous wave Ar + laser. The investigated sample was placed on a cold finger in a continuous flow cryostat mounted on x-y motorized positioners. The excitation light was focused by means of a 50x long-working distance objective with a 0.5 numerical aperture producing a spot of about 1 µm diameter. The PL signal was collected via the same microscope objective, sent through a 0.5 m monochromator, and then detected by a liquid nitrogen cooled charge-coupled device camera. The excitation power focused on the sample was kept at 50 µW during all measurements to avoid local heating. The µ-PLE measurements were carried out with the use of a tunable dye laser operating on rhodamine 6G. The PLE traces were obtained by recording variations of the intensity of light emitted at a particular energy while sweeping the excitation energy. In the case of the µ-RC study, the only difference in the experimental setup with respect to the one used for recording the µ-PL signal concerned the excitation source, which was replaced by a 100 W tungsten halogen lamp. The light from the lamp was coupled to a multimode fiber of a 50 µm core diameter, and then collimated and focused on the sample to a spot of about 4 µm diameter. The PL and RC measurements were performed at temperatures ranging from 5 K to 300 K. If R(E) and R 0 (E) are the energy dependent reflectance spectra of the WS 2 flake and of the Si/SiO 2 substrate, respectively, then the percentage reflectance contrast spectrum is defined as follows:
For the lineshape analysis of the RC spectra, we followed a method similar to that described in Ref. 34 . We considered the excitonic contribution to the dielectric response function to be given by a modified Lorentzoscillator-like model as:
where E is the energy, and n b (E) + ik b (E) represents the background complex refractive index of WS 2 in the absence of excitonic resonances, which in the simulations was assumed to be equal to that of the bulk material 72 . The index p stands for the type of excitonic resonance characterized by a transition energy E p , an amplitude A p , and a phenomenological broadening parameter γ p (equal to full width at half maximum of the Lorentzian function). The refractive indices of Si and SiO 2 were obtained from Refs 73,74. In order to ensure good correspondence between our simulations and the experimental conditions, we took into account the incidence of light on the sample surface at arbitrary angles enclosed within a solid angle defined by the numerical aperture of the objective used. We also included in the calculations a Gaussian distribution of power within the spot of exciting light, as well as an averaging over two possible polarizations (s and p) of the incident light. When simulating the RC spectra using a transfer matrix method, the thickness of WS 2 flakes was set either to a corresponding multiple of 0.61615 nm 67 (the experimental thickness of a single layer) for few-layer flakes or to 32 nm for the bulk-like flake. Although treated as a fitting parameter, the thickness of SiO 2 layer stayed very close to 320 nm for all the cases considered. With the aid of this approach we were able to nicely reproduce the shape of the RC spectra not only in the ranges dominated by excitonic resonances but also apart from them.
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Optical response of monolayer, few-layer and bulk tungsten disulfide It is worth to point out an important property of selected samples prepared by means of mechanical exfoliation, which may significantly affect their PL response. It particularly concerns the large-area flakes, which at the fabrication stage are subject to strongly non-uniform field of tearing force. Acting on thicker flakes, such force can locally split them into subunits composed of smaller number of layers, which nonetheless do not stop to interact with one another. For example, within a 3 ML-thick flake a pocket containing a 1 ML patch that is partially detached from its 2 ML-thick companion can be created. If optically probed, it may then give rise to the appearance of mixed PL signal comprising contributions of all three kinds, i.e. the 1 ML-, 2 ML-, and 3 ML-like, of course distorted by interactions between the two subunits. When performing preliminary measurements we experienced such a situation for some of our flakes composed of 3 MLs and 4 MLs, whose PL spectra were dominated by a set of prominent features resembling those observed for the monolayer. In order to avoid influencing our results by this artifact, we then carefully examined all flakes under consideration before qualifying them for further optical study. 
II. THE BAND STRUCTURE OF S-TMD MULTILAYERS AT THE K POINTS OF THE BRILLOUIN ZONE
All the important features of multilayer S-TMDs exist also in a bilayer. Therefore we examine the latter system in details (following Ref. 1) and then generalise our consideration to the multilayer case. Finally we describe the properties of a bulk S-TMD.
A. Bilayer S-TMD.
We consider first the bilayer S-TMD as a system of two decoupled monolayers with 2H stacking order. In this case, the bilayer Bloch states at the K ± point can be constructed from K ± states of the lower and K ∓ states of the upper layers respectively (see Fig. 12b ).
Let us focus on the K + point of such system for clarity. Then, the conduction and valence band states of the lower layer can be written as {|d In the absence of interlayer hopping the valence and conduction bands at the K + point are doubly degenerated, and each pair {|d (1) +m ⊗ |s , |d (2) −m ⊗ | − s } for fixed s and m is characterized by the same energy (see Fig. S2 ). | − s represents the spin state with the opposite to s direction. In fact, the degeneracy is lifted by interlayer forces, which mix the basis states. The symmetry analysis 3 shows that only the valence band states with the same spin interact with each other. The conduction bands remain doubly degenerated.
Let us study the band structure of bilayer S-TMD quantitatively. We focus on the states at the K + point for tungsten-based compounds for brevity (the consideration of the opposite valley and/or molybdenum-based structures can be done by analogy).
The conduction band of bilayer contains two doubly degenerated subbands with the same splitting ∆ c as in monolayer. The sets of high-and low-energy states are {|d 
written in the basis {|d
−2 ⊗ |↑ , |d
⊗ | ↓ }. The diagonal matrix elements ±∆ v /2 are the energies of corresponding states in the absence of interlayer hopping, which is defined by parameter t. According to block-diagonal form of Hamiltonian only the states with the same spin are mixed. Both blocks are equal and, therefore has the same spectrum. It results in two new doubly spin degenerated bands with energies Fig.S2 . The highest energy E + valence bands states of bilayer are
+ cos θ|d
where cos(2θ) = ∆ v / ∆ 2 v + 4t 2 . The low-energy E − states can be calculated from E + ones by replacing cos θ → − sin θ, sin θ → cos θ.
The obtained structure of the conduction and valence bands helps us to find the properties of lowest energy optical transitions in bilayer S-TMD. There are four possible transitions of such type. Two of them have the energy E XA − t 2 /∆ v and intensities of lines
with σ ± polarization of light. E XA and I 0 are the energy and intensity of A exciton transitions in monolayer (solid black arrow lines, which couple valence and conduction bands in left panel of Fig. S2 ). The second pair of transitions has the energy E XA − ∆ c − t 2 /∆ v and intensity of lines
with σ ± polarization of light. As one can see, the intensities of the left and right-polarized light in the case of bilayer are the same. Therefore, this material doesn't have the valley dependent optical dichroism as in monolayer S-TMD. This is due to the presence of the inversion symmetry in bilayer. We estimate the energies and intensities of such transitions for the case of WS 
B. Multilayer S-TMD.
A multilayer S-TMD crystal is a set of N monolayers, arranged in a pile with 2H stacking order. As in the bilayer case we enumerate all the S-TMD sheets from 1 to N, starting from the lowest (first) layer. Then, according to the 2H stacking all even layers are 180
• rotated of the odd ones. Therefore the basis valence and conduction states at the K + point are {|d
⊗ | ↓ } for odd layers, and are {|d The interaction between layers is of the same type as in bilayer. Namely, the conduction bands do not interact, and as a result form spin-up and spin-down N degenerated conduction band states. The valence band states are mixed due to interlayer hopping. The corresponding valence band Hamiltonian is 2N × 2N block-diagonal matrix. Each N × N block acts on spin-up and spin-down states separately. The eigenvalues of the matrix defines the positions of new valence bands.
Note that N = 2M (even) and N = 2M + 1 (odd) multilayers have different properties from spectroscopic point of view. 4 For N = 2M (i.e. 2 MLs, 4 MLs, 6 MLs,...), system possesses the inversion symmetry. Therefore, valley dependent physical properties of each monolayer, such as optical selection rules, are averaging to zero in such systems. It reflects also in the fact that for even number of layers all the new valence bands are, as minimum, doubly spin degenerated.
For N = 2M + 1 (i.e. 3 MLs, 5 MLs, 7 MLs,...), there is one non-compensated additional layer in the crystal. It results in valley dependent optical dichroism in the system. However, it is suppressed by the large number of layers. The spectrum of such system contains the set of M doubly spin degenerated levels (very close by the structure to 2M multilayer) and two additional levels with energies ±∆ v /2.
The optical intensities of excitonic transitions in multilayers can be found by solving the eigenvalue problem for N × N matrices, mentioned above. They are presented in Fig. S3 . The difference between odd and even multilayers disappears in the limit N → ∞. Therefore, it is convenient to consider the bulk S-TMD as the even layered system N = 2M. Corresponding calculations are done in the next subsection.
C. The band structure of bulk S-TMD.
For a bulk S-TMD, according to previous consideration, there is no interlayer hopping for conduction states in vicinity of K ± points, that reflects in spin-up and spin-down N degenerated conduction bands. The valence band states interact with each other and form new bands. In the bulk case M → ∞ all these new states belong to one wide band, which has the meaning of the band in out-of-plane (z) direction. Below we obtain this conclusion quantitatively.
The bulk S-TMD with N = 2M layers can be presented as a pile of M bilayers. The length of periodicity in such system coincides with the lattice constant c of the bulk in out-of-plane (z) direction. Therefore we slice the bulk on the elementary blocks with two layers inside, and then study the hopping between these blocks. In further, we focus on the states at the K + point in details (the case of K − is described in the analogous way). Let us consider the m-th bloc of sliced system, mentioned above (see Fig.S4 ). Its valence bands basis functions are {|d
The each state in the system we present as
The variables Ψ 
The schematic representation of these relations is shown in 
The spin-up and spin-down states are decoupled in this case, but they have the same energy spectrum E(k) = ± ∆ 2 v /4 + 4t 2 cos 2 (kc/2). This fact reflects that all new valence bands of the bulk are doubly spin-degenerated. The corresponding band structure, in the limit M → ∞ (k n → k z ) is presented in Fig. S5 .
Let us consider the higher energy bands E(k z ) ≥ ∆ v /2 more precisely. The corresponding eigenstates are where we introduced the notation
As a result, the eigenstates of the bulk have the form
They correspond to spin-up and spin-down valence band states with non-zero momentum k z . The structure of these functions defines the optical properties of the bulk. Indeed, there are two subset of optical transitions from wide valence zone (presented by the purple rectangular in Fig. S6 ) to spin-up and spin-down conduction band states (presented by two straight black lines). The first set of transitions has the energies E XA − E(k z ) with intensities
The second set of transitions has the energies E XA − ∆ c − E(k z ) with intensities
Due to this result, the transitions between spin-up and spin-down states have the same intensity. It reflects the absence of valley dependent circular dichroism in such system. Moreover, the total amount of light which is absorbed by material is not changed, but is only redistributed between the new bands. The obtained result helps us to estimate the effective valence band mass m z in z direction. Expanding the square root at small momenta k z for high energy valence band at the K + point, we obtain m z =h 2 ∆ v /2t 2 c 2 . Substituting the previous parameters for WS 2 and taking c = 12.32Å 5 one gets m z ≈ 3.6m 0 , where m 0 is free-electron mass. Therefore the whole dispersion of the valence band of the bulk S-TMD in K + point can be written as
where k = (k x , k y ) are in-plane wave-vector of valence electrons. E ± (k, k z ) represent the energy dispersion of higher and lower valence bands of the bulk, and m ± are the effective masses of the higher and lower energy valence bands in monolayer.
III. AMBIGUOUS FITTING OF THE REFLECTANCE CONTRAST SPECTRUM OF BILAYER WS2
Fitting the reflectance contrast spectrum of bilayer WS 2 with a model curve calculated within the framework of transfer-matrix method gives an ambiguous answer to the question how many (one or two) Lorentzian-type resonances one should take into account to correctly reproduce the shape of the A-exciton feature. Solving this issue would greatly help to establish the significance of intra-and interlayer excitonic transitions described in the previous section for the absorption of light in WS 2 multilayers. Unfortunately, as shown in Fig. S7 , the difference between the fits obtained for one (Fig. S7(a) ) and two ( Fig. S7(b) ) resonance contributions to the dielectric function of bilayer WS 2 in the vicinity of 2.05 eV is in our case purely quantitative. On a qualitative level, given the linewidths of the excitonic transitions involved which are as large as 35 meV, both of them equally well reproduce the experimental spectrum. It means that in order to ultimately determine the single-or double-resonance character of the A-exciton feature in the absorption-like response of bilayer WS 2 one has to consider higher-quality samples with narrower excitonic transitions. As recently demonstrated for monolayers of MoS 2 (Ref. 6 ) and WSe 2 (Ref. 7) , such structures can be fabricated by encapsulating the central S-TMD flake with two flakes of hexagonal boron nitride. If the reported reduction of linewidth of excitonic transitions in such samples by more than one order of magnitude with respect to the non-encapsulated ones would also hold for bilayer WS 2 , the shape of its reflectance contrast spectrum should leave no doubt about the number of resonances contributing to the A-exction feature. 
IV. SIMULATED REFLECTANCE CONTRAST SPECTRA FOR OPTICAL TRANSITIONS DUE TO INTRALAYER EXCITONS IN WS2 MULTILAYERS
It is already well established that the optical response of structures composed of thin films of S-TMD materials exfoliated onto alien substrates, like a piece of Si/SiO 2 wafer, is strongly affected by interference effects.
8 Because of this fact, predicting the shape of a reflectance contrast spectrum for a set of given excitonic transitions without taking into account the internal structure of a dielectric stack under consideration represents a difficult task which may often lead to confusing and/or incorrect conclusions. It particularly applies to the intra-and interlayer excitonic transitions in WS 2 multilayers discussed in Sec. II and depicted in Fig. S3 . In order to see the final shape of reflectance contrast spectra of different WS 2 N -layers supported by Si/(320 nm) SiO 2 substrate, which are determined by these transitions, we first evaluated their contribution to the imaginary part of dielectric function of according WS 2 films by implementing them into the Lorentz-oscillator model with a broadening of every individual transition equal to 20 meV (in agreement with our experimental data). While doing so we assumed that E X A = 2.056 eV and considered only the intralayer transitions (the upper branch of lines in Fig. S3 ) since the interlayer ones (the lower branch of lines in Fig. S3 ) with their intensities being smaller by one to two orders of magnitude than those of the intralayer transitions would have negligible impact on the resultant reflectance contrast spectra. The results of such calculations performed for WS 2 films composed of 2 to 8 MLs are presented in Fig. S8(a) . In the next step, by making use of the transfer-matrix method, we simulated on their basis the corresponding reflectance contrast spectra displayed in Fig. S8(b) . As one can see, they surprisingly well reproduce the shape and general evolution of the experimental traces shown in Fig. 11 of the main text (a small blue-shift of the feature appearing in the vicinity of 2.05 eV with increasing the number of layers may results from neglecting in our calculations the Coulomb interactions and/or the band-gap renormalization). Given the simplicity of our single-particle considerations this is quite a remarkable finding. Nevertheless, a much more detailed and accurate theory is required to confirm whether the peculiar fine structure of the A-exction line in the reflectance contrast spectra of WS 2 multilayers indeed originates from the intralayer excitonic transitions as discussed in Sec. II. 
V. FUNDAMENTAL EXCITONIC RESONANCES AS A FUNCTION OF TEMPERATURE
Aiming at learning more about the properties of excitonic resonances associated with the transitions in the vicinity of the A exciton, we measured the RC spectra of the 1 ML-, 2 ML-, and 3 ML-thick flakes as well as of the bulk flake of 32 nm thickness as a function of temperature, see Fig. S9 . For few-layer flakes, the temperature evolutions of the X A and X A " transitions could be followed in the whole temperature range, whereas for the bulk flake, due to generally small changes in the RC signal even for the most pronounced features, we were not able to reliably extract the contribution coming from the X A " features at temperatures higher than 180 K.
Concerning other features, the T 2 transition, which is clearly visible in the RC spectrum of the 1 ML at 5 K -see Fig. S9(a) , quickly disappears from experimental traces around 40 K, which makes the analysis of its temperature evolution idle. It is not the case of an excited excitonic transition denoted by X A * , which survives in the RC spectra of the bulk flake up to ∼180 K, and as such can be reliably fitted with a model dependence. For all traces presented in Fig. S9 , the energies of all excitonic resonances experience a red shift as the temperature is being increased from 5 K up to 300 K. This type of evolution, which is characteristic of many semiconductors, can be reproduced with the aid of formulae proposed by Varshni 9 and O'Donnell et al., 10 both describing the temperature dependence of the energy gap. The Varshni relation is given by:
where E 0 stands for the band gap at absolute zero temperature, while α and β represent the fitting parameters related to the electron(exciton)-phonon interaction and Debye temperature (T D ), respectively. From the fact that the used relation describes the temperature evolution of the band gap, it correctly reproduces also the energies of fundamental excitonic resonances, we conclude that binding energies of excitons they correspond to do not depend on temperature.
The results of fitting our experimental data shown in Figs. S10(a) and S10(b) with the Varshni relation are summarized in the first row of Tab. I. We noticed that allowing both α and β parameters to be varied at the same time led to a whole family of curves, which closely followed the experimental points but lacked the physical sense. This observation pushed us towards fixing the Debye temperature at the same level for all the flakes considered. Based on the quality of resulting fittings, we assumed that β =220 K, not far from the value reported for bulk WS 2 in Ref. 11 . In order to justify our decision, let us recall that for T > T D the majority phonons that can be excited in a crystal are those with wave vectors close to the BZ boundaries. On the other hand, at low temperatures (T T D ), the only phonons that play an important role are those related to the centre of the BZ. 12 One may say that T D sets the lower bound for the temperature range, in which practically all possible phonon modes of a given system can be in principle observed. The number and symmetry of these modes are specified by the crystal structure, which in the case of TMDC materials does not significantly change with the layer thickness. This means that there is no reason to expect T D to be different for flakes composed of different number of layers. Concerning the value of T D , as room-temperature measurements usually resolve a complete phonon spectrum of both conventional semiconductors and TMDCs, it should not be substantially larger than 300 K. Taking all these remarks into account, our choice of β =220 K dictated by the quality of fitting the experimental data with the Varshni relation seems to be a reasonable estimation. For fixed β it can be noticed that the parameter α obtained for flakes of different thicknesses exhibits a larger variance for the A" transition than for the neutral excitonic resonance.
The relation proposed by O'Donnell et al. 10 describes the temperature dependence of the band gap in terms of an average phonon energy <hω > and reads:
where S is the coupling constant and k B denotes the Boltzmann constant. We found that <hω > stayed on nearly the same level, ∼20 meV, for all the flakes under study. As a consequence, similarly to the parameter β discussed above, we kept it fixed during the final run of our data analysis.
The results of fitting the experimental points with O'Donnell's relation are displayed in Figs S10(a) and S10(b) in the form of solid curves described by the set of parameters summarized in the second row of Tab. I. As can be seen, in analogy with the parameter α from Varshni's equation, the variance of the parameter S obtained for flakes composed of different number of layers is larger for the T 1 and X A " features than for the X A excitonic resonance. In spite of this similarity, it turned out that the O'Donnell relation gives significantly better fits to our data as compared to what we were able to get with the aid of Varshni's formula. Panels (c) and (d) of Fig. S10 present the temperature evolution of the linewidth of the studied resonances, respectively. In semiconductors, such an evolution can be described by so-called Rudin's relation 13 which is given by:
where γ 0 denotes the broadening of a given spectral line at 0 K, the term linear in temperature (σ) quantifies the interaction of excitons with acoustic phonons (of negligible meaning for the present work), γ arises from the interaction of excitons with LO phonons, andhω is the LO phonon energy, which was taken to be equal to 45 meV, due to the highest density of states.
14 Note that this value corresponds to the LO phonon energy found in an analogous experiment done on bulk WS 2 .
The results of fitting our experimental points with Rudin's relation are presented in Figs S10(c) and S10(d) as solid curves described by the set of parameters shown in the third row of Tab. I. Due to different vertical offsets determined by γ 0 , which effectively counterbalance the slopes of particular traces, they all look essentially the same concerning the rate at which the broadenings of excitonic resonances develop with increasing the temperature. One can also notice that, irrespective of the flake thickness, the values of γ obtained for the X A exciton are larger than those established for the T 1 and X A " features, which indicates that phonon-assisted scattering of the former complexes is more efficient. Furthermore, in agreement with conclusions drawn in Ref. 15 for WSe 2 and in Ref. 16 for MoSe 2 , we see a pronounced increase in γ between the monolayer and the bilayer for the A exciton.
